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The electron energy distribution functions are studied in the low voltage dc discharge with a

constriction, which is a diaphragm with an opening. The dc discharge glows in helium and is

sustained by the electron current emitted from a heated cathode. We performed kinetic simulations

of dc discharge characteristics and electron energy distribution functions for different gas pressures

(0.8 Torr-4 Torr) and discharge current of 0.1 A. The results of these simulations indicate the

ability to control the shape of the electron energy distribution functions by variation of the

diaphragm opening radius. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823465]

Low-pressure discharges are widely used as the plasma

sources for a variety of plasma applications, including

plasma processing, discharge lighting, sources for particle

beams, and nanotechnology. The production of low-

temperature plasmas with controllable parameters, including

the plasma density, the electron temperature, and the electron

and ion energy distribution functions is one of the critical

challenges of modern plasma engineering.1 Optimization of

plasma parameters necessitates basic research with the main

objective of developing sophisticated modeling capabilities

to capture the key processes in the plasma and plasma–wall

interactions.2 The distinctive property of plasmas of these

discharges is that such plasmas are always in a non-

equilibrium state: the electrons are not in thermal equilib-

rium with the neutral species and ions, in view of the fact

that the electron mean energy is typically much larger than

the mean energy of the ions and neutrals. Moreover, the elec-

trons are also not in thermodynamic equilibrium within their

own ensemble, which results in a significant departure of the

electron velocity distribution function (EVDF) from a

Maxwellian EVDF—the EVDF may have a complex form

and sometimes can be noticeably anisotropic. These non-

equilibrium conditions make gas-discharge plasmas a re-

markable tool for plasma applications, because they provide

considerable freedom to choose optimal plasma properties.

The theory on nonlocal electron kinetics was pioneered by

Tsendin and described in his recent reviews and books.1

In this paper, we study ways to produce and control

electron energy distribution function making use of a con-

striction in the current channel. Previous experiments show

that the narrow constriction in the dc discharge leads to the

enrichment of the electron energy distribution with fast elec-

trons (see, for example, Refs. 3–5). However, to the best of

our knowledge, there was no detailed simulation study of

this effect, which is the focus of this paper.

In this work, we study the means to control the forma-

tion of the electron energy distribution function (EEDF) in

dc discharge with hot cathode. A diaphragm with an opening

in the center is used to produce a constriction. The geometry

and parameters of dc discharge were chosen to be identical

with that of the experimental study reported in Ref. 6. The

schematics of the device is shown in Fig. 1. The device is

axi-symmetrical structure with disk cathode and anode with

0.5 cm and 1.4 cm radii, respectively, and a conical side-

wall electrically connected with the cathode.6 The inter-

electrode distance is 1.1 cm. The diaphragm with a hole in

the center is inserted near the anode at the distance of 0.1 cm

from the anode. The width of diaphragm is 0.2 cm. The

thermo-emission of electrons from the heated cathode main-

tains the glow of dc discharge.

In helium, at gas pressure P¼ 1 Torr, the electron inelas-

tic collision free path ki � 1 cm. For our applied voltage

(Ua¼ 30 V), the cathode sheath length lsh is approximately

0.1 cm, and consequently, ki � lsh. This gas pressure was

taken in the previous experiments and in recent simulations

to ensure non-local character of the electron energy distribu-

tion function. The electrons emitted from cathode gain

energy crossing the cathode-potential-fall region and reach

the bulk plasma practically without energy losses. Moreover,

special geometry of device also enhances the nonlocal prop-

erties of EEDF. The presence of constriction initiates an

increase of electrical potential in front of the opening. At this

position, the electrons are accelerated to the anode direction.

The peak of the electron energy as well as the peak of ioniza-

tion rate are observed in the center of the opening where the

plasma is quasi-neutral, and the electrical fields are very

small. This is a manifestation of the non-local regime of elec-

tron transport. The EEDF is not determined by a local strength

of the electric field but the entire electric potential profile.1

The elastic collision free path for electrons (lel¼ 0.1 cm)

is much less than the discharge gap (d¼ 1.1 cm). Therefore,

the EVDF is nearly isotropic in the plasma bulk. In the pres-

sure range below 7 Torr, the electron energy losses in elastica)ischweig@itam.nsc.ru
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collisions with He atoms are small6 compared to inelastic col-

lision losses.

The electrons emitted from cathode have highest energy

and maintain discharge by providing direct and step-wise

ionization processes similar to the negative glow of dc dis-

charges.1 The electric field in the bulk plasma is weak and

electrons produced by ionization have low energy compared

with the electrons emitted from cathode. However, a small

opening in the diaphragm can provide a potential drop in

plasma comparable to the cathode fall. This potential drop

can accelerate electrons toward anode and provide additional

ionization source in the anode region. This study focuses on

the non-local effect of electron kinetics and its employment

for plasma formation and control.

We performed kinetic simulations of characteristics of

dc discharge with a diaphragm in cylindrical geometry (the z
axis is the axis of symmetry). The simulation set up of the

device is shown in Fig. 1. We solve the Boltzmann equation

for electron energy distribution function and the Boltzmann

equation for ion energy distribution function, using the two

dimensional particle-in-cell Monte-Carlo collision algo-

rithm.7 We use the “leap-frog” difference scheme for elec-

tron motion, weighting scheme with linear-interpolation and

null collision technique, as described in Ref. 7. We solved

self-consistently the Boltzmann equations and Poisson equa-

tion for electrical potential distribution. The iterative method

is used to obtain the steady-state solution.

This advanced method is widely used for simulation of

dynamics of low gas pressure plasma with non-local regime

of charged particle motion (see, for example, Refs. 8 and 9).

The initial charged particle distributions were calculated with

solving diffusion equation. We use a nonuniform grid for

more accurate resolution of plasma parameters near the walls.

Electron kinetic processes included in simulation are elas-

tic scattering on helium atoms, excitation of metastable states,

and ionization of helium atoms. The ion collisional processes

include the resonance charge exchange and elastic collisions

with helium atoms. The ionization process includes the direct

ionization of He-atoms by electron impact and stepwise ioniza-

tion of He-atoms in metastable state. Calculation of the distri-

bution of He-atoms in metastable state requires a long

simulation time taking into account long and slow accumula-

tion of He-atoms in metastable state. We simplified simulation

by assuming that when atoms are excited in metastable state,

18% of these events leads to ionization and the rest to deactiva-

tion by collisions with the walls. This corresponds to the rate

of stepwise ionization measured in Ref. 10. This assumption

allows us to reduce considerably simulation time and does not

affect significantly the physical effects under consideration.

Further refinement of simulation model can be done elsewhere.

The following discharge parameters are used: the anode

voltage, Ua¼ 30 V, the diaphragm voltage, Ud¼ 0, and the

discharge current ja ¼ 0.1 A. The gas pressure P ranges from

0.8 Torr to 4 Torr. The value of electron thermo-emission

current jth is adjusted to match the experimental value of the

discharge current at anode, ja ¼ 0.1 A. The diaphragm open-

ing radius is varied from 0.1 cm to 0.25 cm to study the

effect of opening radius on plasma parameters.

An opening causes considerable modification of the

potential profile, so that a localized maximum of the poten-

tial is formed in the opening. The formation of the maximum

of the potential was observed in the earlier experiments in

Refs. 4–6, and 11 and is reproduced in our simulations as

shown in Fig. 1. The electrical field in front of the opening

accelerates electrons and focuses their trajectories toward the

opening. The focusing effect provides the continuity of dis-

charge current from plasma bulk to the narrow channel in the

opening. Behind the diaphragm, the electrons are deceler-

ated, but not defocused, and the radius of the electron current

spot on the anode remains approximately equal to the radius

of the opening. This is probably because the distance

between diaphragm and anode is sufficiently small.

We investigated modifications of plasma parameters due

to variation of the opening radius. The electrical potential

and electron density profiles are shown in Fig. 2 for different

radii of the opening. The potential in front of the opening

rises for all cases. For the smallest radius, rd¼ 0.1 cm, the

potential bump is maximal (about 11 eV). For the largest ra-

dius, rd¼ 0.25 cm, the opening does not affect considerably

the plasma parameters. For this case, the electron density in

the opening is even lower than in bulk plasma. The reduction

of the opening radius leads to increase of the plasma density

over the entire device volume and formation of a peak of

plasma density inside of the opening.

This peak of plasma density in the opening is formed

(see Fig. 2(b)) due to enhanced ionization and electrostatic

confinement effect. The electrons are trapped inside the

opening by the potential bump from the cathode side and

side-wall potential of diaphragm. This potential fall near the

diaphragm surface is characterized with the positive charge

distribution, (ni–ne), shown in Fig. 3. For this case, the poten-

tial fall at z¼ 0.5 cm in radial direction is equal to 35 V and

the potential barrier from cathode side is 11 V. As seen in

Fig. 1, the potential fall near the diaphragm at 0.6 cm < z <
0.7 cm and r > rd is identical to the cathode fall; therefore,

the fast electrons can reach the diaphragm surface. However,

the fast electrons after an inelastic collision are trapped

FIG. 1. Potential distribution (measured in Volts) for anode voltage

Ua¼ 30 V, jth¼ 0.23 A, ja ¼ 0.1 A, P ¼ 0.8 Torr, and rd¼ 0.1 cm.
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between cathode, diaphragm, and wall and can escape from

discharge volume only through the opening.

The thermo-emission current jth maintains the discharge

glow and determines the value of discharge current ja. To

provide the given value of discharge current for different

opening radii and gas pressures, we adjust jth for each par-

ticular case. We found that for all cases the thermo-

emission current is larger than the discharge current, i.e.,

jth=ja > 1. For smaller rd and P, the ratio jth/ja increases,

whereas for larger rd and P the discharge current becomes

approximately equal to the thermo-emission current. For

example, for smaller rd¼ 0.1 cm and P¼ 0.8 Torr, the dis-

charge current of 0.1 A is sustained with jth¼ 0.25 A, i.e.,

jth/ja¼ 2.5. Whereas for higher gas pressure case (P¼ 4

Torr, rd¼ 0.1 cm) and for larger opening radius case

(rd¼ 0.25 cm, P¼ 0.8 Torr), the same discharge current is

sustained with jth¼ 0.25 A (jth/ja¼ 1).

Figures 4 and 5 depict variation of the EEDF with the

opening radius for the cases shown in Fig. 2. The vertical

lines in Fig. 2 denote z-coordinates of calculated EEDFs.

Fig. 4 shows the EEDFs for the case of rd¼ 0.25 cm. The

EEDF calculated at z¼ 0.85 cm (in front of the opening) has

two peaks. First peak at ee ¼ 23 eV corresponds to electrons

which gain energy within cathode potential fall (23 V). The

second peak at ee � 3 eV is associated with the electrons

emitted from cathode that first gain energy within cathode

potential fall and then lose 20 eV in single inelastic collision.

The EEDF calculated in the center of the opening (z¼ 0.55

cm) is replica of the EEDF at z¼ 0.85 cm with some shift

over the energy axis. This shift appears due to the electrons

crossing the potential bump between z¼ 0.55 cm and

z¼ 0.85 cm. They gain an additional energy which is about

3.5 eV for rd¼ 0.25 cm.

Reducing the opening radius initiates the increase of the

potential bump, and consequently, electron energy inside of

the opening. As seen in Fig. 5, the high energy part of EEDFs

is considerably enriched for smaller radii, rd¼ 0.15 cm and

0.1 cm, in comparison with Fig. 4. Figure 5(a) shows the

EEDFs in bulk plasma. There the peak of fast electrons for

FIG. 2. Potential (a) and electron density (b) distributions at r ¼ 0 for different radii of the opening, rd¼ 0.1 cm (jth¼ 0.23 A), 0.15 cm (jth ¼ 0.157 A), and

0.25 cm (jth¼ 0.1 A), P¼ 0.8 Torr, ja¼ 0.1 A. Vertical lines show the place of EEDFs calculation discussed below.

FIG. 3. Charge (ni–ne) distribution measured in 1010 cm–3 around diaphragm

surface for P¼ 0.8 Torr, rd¼ 0.1 cm, jth¼ 0.23 A, ja ¼ 0.1 A.

FIG. 4. Electron energy distribution function at r ¼ 0 and z ¼ 0.85 cm and

z¼ 0.55 cm for rd¼ 0.25 cm P¼ 0.8 Torr, ja¼ 0.1 A (jth¼ 0.1 A).
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rd¼ 0.1 cm is higher than the peak for rd¼ 0.15 cm, which is

explained by larger number of emitted electrons in the former

case. We took the thermo-emission current jth¼ 0.23 A for

smaller rd¼ 0.1 cm and jth¼ 0.16 A for larger rd¼ 0.15 cm

to provide the same discharge current.

Figure 5(b) shows the EEDFs inside of the opening

(z¼ 0.55 cm). Again each EEDF is replica of the EEDF

shown in Fig. 5(a) with some shift de over the energy axis.

The maximum de ¼ 11 eV is for rd¼ 0.1 cm. This increase

of the electron energy inside of the opening enhances the

ionization rate that is followed by the increase of plasma

density. For example, for rd¼ 0.1 cm, the plasma density

inside the opening is 5 times higher compared to the case of

rd¼ 0.25 cm.

With increasing gas pressure, the electron collision fre-

quency rises, diffusion towards walls slows down and the ion

loss frequency becomes smaller. This leads to the rise of

plasma density as evident in Fig. 6. Notice that for P¼ 2

Torr, the cathode fall voltage is less than 20 eV, which is the

atom excitation threshold. Therefore, no excitation and ioni-

zation occurs in the volume between cathode and diaphragm.

Thus, the ionization only takes place in front of the opening,

but this ionization rate is sufficient to maintain 0.1 A-

discharge current on the anode.

The modification of the EEDF with increasing gas pres-

sure is shown in Fig. 7. For higher gas pressure (P¼ 2

Torr), the energy losses in elastic and inelastic collisions

become more frequent; therefore, the EEDF peak corre-

sponding to fast electrons emitted from cathode disappears.

Nevertheless, within the opening for P¼ 2 Torr, we still

observe a group of high energy electrons with the ionization

capability.

In conclusion, we have studied EEDF formation in the

low voltage dc discharge sustained by the electron current

FIG. 5. Electron energy distribution function at r ¼ 0 and z¼ 0.85 cm (a)

and z¼ 0.55 cm (b) for rd¼ 0.1 cm (jth¼ 0.23 A), 0.15 cm (jth¼ 0.157 A),

P¼ 0.8 Torr, ja¼ 0.1 A.

FIG. 6. Potential (a) and electron density (b) distributions at r ¼ 0 for gas pressures P¼ 0.8 Torr (jth¼ 0.23 A), 2 Torr (jth¼ 0.136 A), and 4 Torr (jth¼ 0.1 A),

rd¼ 0.1 cm, ja¼ 0.1 A.

FIG. 7. Electron energy distribution function at r¼ 0 and z¼ 0.85 cm (a) and

z ¼ 0.55 cm (b), P ¼ 0.8 Torr (jth¼ 0.23 A) and P¼ 2 Torr (jth¼ 0.136 A), for

rd¼ 0.1 cm, ja¼ 0.1 A.
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emitted from a heated cathode. A diaphragm with an opening

in the center was placed at a certain distance from the anode

to restrict the current channel. The EEDF formation was

strongly affected by the diaphragm. The kinetic PIC MCC

simulations of plasma parameters in the dc discharge in

helium showed that the radius of the diaphragm opening is

the key parameter that affects the shape of EEDFs. The

decrease of the opening radius yields the increase of the

potential drop near the opening needed to provide the current

continuity. The simulations were carried out for the gas pres-

sure ranged from 0.8 Torr to 4 Torr, for the discharge current

of 0.1 A and for the opening radii, 0.1 cm-0.25 cm. In case of

the opening radii, 0.1 cm-0.15 cm, the insertion of the dia-

phragm led to formation of the strong peak of fast electrons

which were responsible for strongly enhanced excitation and

ionization rate in the opening region.
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